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Cerebellar Purkinje cells produce two distinct forms of action potential output: simple and
complex spikes. Simple spikes occur spontaneously or are driven by parallel ﬁbre input, while
complex spikes are activated by climbing ﬁbre input. Previous studies indicate that both simple
and complex spikes originate in the axon of Purkinje cells, but the precise location where they
areinitiatedisunclear.HereweaddresswhereintheaxonofcerebellarPurkinjecellssimpleand
complexspikesaregenerated.Usingextracellularrecordingandvoltage-sensitivedyeimagingin
rat and mouse Purkinje cells, we show that both simple and complex spikes are generated in the
proximalaxon,∼15–20μmfromthesoma.Onceinitiated,simpleandcomplexspikespropagate
both down the axon and back into the soma. The speed of backpropagation into the soma was
signiﬁcantly faster for complex compared to simple spikes, presumably due to charging of the
somatodendritic membrane capacitance during the climbing ﬁbre synaptic conductance. In
conclusion,weshowusingtwoindependentmethodsthattheﬁnalintegrationsiteofsimpleand
complex spikes is in the proximal axon of cerebellar Purkinje cells, at a location corresponding
to the distal end of the axon initial segment.
(Received 5 February 2010; accepted after revision 23 March 2010; ﬁrst published online 31 March 2010)
Corresponding author G. Stuart: Department of Neuroscience, John Curtin School of Medical Research, Australian
NationalUniversity,Canberra,AustralianCapitalTerritory0200,Australia;M.H¨ ausser:WolfsonInstituteforBiomedical
Research and Department of Neuroscience, Physiology and Pharmacology, University College London, Gower Street,
London WC1E 6BT, UK. Email: greg.stuart@anu.edu.au and m.hausser@ucl.ac.uk
Introduction
Purkinje cells are the principal cells and the only output
neurons of the cerebellar cortex, transmitting inhibitory
signals to the deep cerebellar nuclei. The action potential
outputofPurkinjecellshasbeenclassiﬁedintotwodistinct
types:simplespikes,whichoccurspontaneously(H¨ ausser
& Clark, 1997; Raman & Bean, 1997) and can exceed
100Hzinresponsetoexcitationfromparallelﬁbres(Eccles
et al. 1967; Thach, 1967); and complex spikes, which
are triggered by climbing ﬁbre excitation and consist of
a characteristic high-frequency burst (Eccles et al. 1967;
Thach, 1967).
While both simple spikes and complex spikes are
initiated in the axon of Purkinje cells (Stuart & H¨ ausser,
1994; Clark et al. 2005; Khaliq & Raman, 2006; Davie
et al. 2008), the precise location of spike generation
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is unknown. This information is critical, as the site of
action potential initiation corresponds to the ﬁnal site of
synaptic integration and therefore the optimal location
for modulation of neuronal output. While the axonal
location of complex spike initiation has not previously
beeninvestigated,theaxonalinitiationsiteofsimplespikes
is unclear, with two studies using different methods to
localize spike initiation arriving at different conclusions.
An initial report using population data pooled from loose
cell-attachedrecordingsprovidedevidenceconsistentwith
an initiation site at the ﬁrst node of Ranvier (Clark et al.
2005), whereas a subsequent study used sensitivity to
local application of tetrodotoxin (TTX; a sodium channel
blocker) and β-pompilidotoxin (which slows sodium
channelinactivation)toconcludethatinitiationofsimple
spikes occurs instead in the axon initial segment (Khaliq
& Raman, 2006). Both the initial segment and nodes
of Ranvier of Purkinje cells contain high densities of
sodium channels (Jenkins & Bennett, 2001; Komada &
Soriano,2002;Panetal.2006)makingthembothplausible
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candidates as regions with a low threshold for action
potential generation.
Here we aim to resolve this issue and address the
question of where in Purkinje cell axons simple and
complex spikes are generated using two complementary
experimental techniques, together with compartmental
modelling.First,weusedmultisiteextracellularrecordings
along the Purkinje cell axon to provide a non-invasive
readout of action potential initiation. Next, we used
voltage-sensitive dye imaging to directly measure
membrane potential changes simultaneously at multiple
locationsalongPurkinjecellaxons.Theseapproachesboth
convergeon the same conclusion:that initiation of simple




Parasagittal slices (200–300μm thick) from P18–28
rat (Sprague–Dawley and Wistar) and P18–25 mouse
(L7-tau-GFP;Sekirnjaketal.2003)cerebellumweremade
according to standard techniques (Stuart & H¨ ausser,
1994). All procedures were approved by the UK Home
Ofﬁce and by the Animal Experimentation Ethics
CommitteeoftheAustralianNationalUniversity.Artiﬁcial
cerebrospinal ﬂuid (ACSF) for both slicing and electro-
physiologicalrecordingcontained(inmM):NaCl125,KCl
2.5, NaHCO3 26, NaH2PO4 1.25, glucose 25, MgCl2 1,
CaCl2 2. Voltage-sensitive dye experiments were carried
out in a solution containing (in mM): NaCl 125, KCl 3,
NaHCO3 25,NaH2PO4 1.25,glucose25,MgCl2 1,CaCl2 2.
These solutions were bubbled with 5% CO2–95% O2.
Slices were initially incubated at 35◦C for 30min and
subsequently maintained at room temperature (22◦C).
During recordings, slices were continuously superfused
with ACSF and experiments were carried out at 34–35◦C
unless otherwise indicated.
Extracellular recording
Somatic whole-cell patch-clamp recordings were made
from Purkinje cells under direct visual control (Stuart
et al. 1993; Stuart & H¨ ausser, 1994) using infrared
differential interference contrast optics (Olympus BX50)
and either Multiclamp 700A (Molecular Devices) or
BVC-700 (Dagan) ampliﬁers. Whole-cell recording
pipettes (3–10M  prepared from ﬁlamented borosilicate
glass) were ﬁlled with solution (280–285mosmolkg−1)
containing(inmM):KMeSO4 130,KCl7,Hepes10,EGTA
0.05, Na2ATP 2, MgATP 2, Na2GTP 0.3, pH adjusted to
7.2 with KOH, to which 0.5% biocytin and 45–100μM
of the ﬂuorescent dye AlexaFluor 488 or 594 were added.
NeuronswerevisualizedusingaCCDcameraaspreviously
described(Monsivaisetal.2005)andcontrolexperiments
conﬁrmed that inclusion of AlexaFluor 488 or 594 and
ﬂuorescence visualization did not signiﬁcantly affect
action potential initiation or propagation (not shown).
The presence of an intact (>200μm) and accessible
axon was conﬁrmed before proceeding, and neurons were
also ﬁlled with biocytin for subsequent morphological
reconstruction. Data were low-pass ﬁltered at 3–10kHz
before being sampled at 50–100kHz using AxoGraph
software(AxoGraphScientiﬁc)usinganITC-16orITC-18
interface (Instrutech). A second patch pipette containing
150mM NaCl was then used to record extracellular
action potentials (eAPs) in current clamp mode from
the soma and various locations along the axon during
spontaneous ﬁring. When axon collaterals were present
within the ﬁrst 200μm, the collateral branch point was
always one of the recording sites. Spontaneous somatic
actionpotentialsweredetectedandon-linespike-triggered
averaging(typically100–200sweeps)wasusedtooptimize
the precise placement of the recording electrode in
order to maximize the signal-to-noise ratio for recording
extracellularspikesateachrecordingsite.Posthoc biocytin
stainingallowedveriﬁcationofaxonalrecordingdistances
from the soma. Some recordings were also made from the
samesitesinloosecell-attachedvoltage-clampmodeusing
previouslydescribedmethods(Clarketal.2005).Complex
spikes were evoked by climbing ﬁbre stimulation using a
patchelectrode,ﬁlledwithACSF,placedinthegranulecell
layer (Davie et al. 2008).
Voltage sensitive dye imaging
Somatic whole-cell patch-clamp recordings were made
from Purkinje cells as described above using pipettes
tip-ﬁlled with internal solution containing (in mM):
potassium gluconate 135, NaCl 7, MgCl2 2, Hepes
10, Na2ATP 2, Na2GTP 0.3 (pH adjusted to 7.2 with
KOH), and back-ﬁlled with internal solution containing
1–3mgml−1 of the voltage-sensitive dye JPW3028 (the
di-methyl analogue of JPW1114 (Antic & Zecevic, 1995),
synthesized and provided by J. P. Wuskell and L. M.
Loew, University of Connecticut, Farmington, CT, USA).
Whole-cell recordings were maintained for 45–60min
to allow diffusion of dye into the neuron before the
patch pipette was removed. The dye-ﬁlled neuron was left
undisturbed for up to 2h before being repatched (Antic
et al. 1999). Voltage-sensitive dye ﬂuorescence changes
were detected with a back-illuminated cooled CCD
camera (Red Shirt Imaging, Fairﬁeld, CT, USA) operating
at 10kHz (80×12pixel resolution) using Neuroplex
software (Red Shirt Imaging). Excitation was achieved
using a 150W xenon (Opti Quip, Highland Mills, NY,
USA)or100Whalogen(Olympus)lampgatedbyashutter
(Uniblitz, Rochester, NY, USA). Voltage-sensitive dye
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excitation and emission were obtained using appropriate
ﬁlters(excitation520±45nm,dichroic570nm,emission
>610nm).Purkinjecellaxonalanddendriticmorphology
could readily be visualized because of the high resting
ﬂuorescence of voltage-sensitive dyes. To maximize the
signal-to-noise ratio of the optical signal in the axon we
usedregionsofinterest(ROIs)of3pixelslength(∼10μm)
and 2pixels width (∼6μm), and typically averaged 100
individually aligned responses. Responses to both simple
spikes (spontaneous or evoked by steady-state somatic
current injection) and complex spikes were recorded at
the soma and simultaneously at multiple ROIs in the
axon. Experiments were discontinued if the amplitude
of somatic action potentials decreased by more than
5% during the recording. For display purposes only,
ﬂuorescence signals were low-pass ﬁltered at 1kHz.
Analysis
Data were analysed in Igor Pro (Wavemetrics, Lake
O s w e g o ,O R ,U S A ) ,t o g e t h e rw i t hN e u r o M a t i cs o f t w a r e
(http://www.neuromatic.thinkrandom.com/), or using
AxoGraph (AxoGraph Scientiﬁc). Averages of axonal and
somatic extracellularly recorded spikes were generated by
alignment to the peak of the ﬁrst derivative of the somatic
action potential recorded simultaneously in whole-cell
mode. Axosomatic delays were calculated by locating the
time when the extracellular spike at each axonal location
reached 10% of its maximum height (10% rise point)
and subtracting the time of the 10% rise point of the
somaticextracellularspike.The10%risepointwaschosen
because it is dominated by the onset of the local sodium
current in the axon initial segment and the ﬁrst node of
Ranvier and is not contaminated by other ionic currents
and therefore enables reliable detection of the locus of
spikeinitiation.Thisisillustratedusingsimulationsshown
in the online Supplemental Material (FigsS1 and S2). For
voltage-sensitive dye signals, individual trials were also
alignedusingtheactionpotentialrecordedviathesomatic
recording pipette to remove trial-to-trial temporal jitter.
Fluorescencechangeswerenotﬁltered,andtheamplitude
oftheopticalsignalwasexpressedasthepercentagechange
in light intensity divided by the resting light intensity
( F/F). The delay of axonal ﬂuorescence signals relative
to those at the soma was measured at half amplitude
after ﬁtting a linear regression to the rising phase of
the ﬂuorescence change (Palmer & Stuart, 2006). This
criterionwaschosentominimizetheinﬂuenceofnoiseon
themeasurementoftheaxosomaticdelay,butqualitatively
similar results were obtained when axosomatic delay for
voltage-sensitivedyesignalswasbasedonthetimetoreach
10% of peak amplitude. Because the membrane potential
waveform during the action potential in the axon differs
from that of the soma (Stuart & H¨ ausser, 1994; Geiger &
Jonas, 2000; Kole et al. 2007; Schmidt-Hieber et al. 2008),
and because the different recording techniques measure
different quantities derived from the action potential
waveform,itisnotpossibletodirectlycompareaxosomatic
delays measured using the different techniques. For the
moving averages shown in Fig.3, data points were ﬁrst
sortedaccordingtodistance,averagedifseveraldatapoints
were measured at the same distance, and padded with
points representing the soma (0μm distance, 0μsd e l a y ) .
InFig.4,complexspikesprecededbyasimplespikewithin
∼1.5 ms were excluded from analysis.
Results
Determination of the site of simple spike initiation
using extracellular recording
Simultaneous somatic whole-cell recordings and
extracellular recordings from multiple locations along
the axon (Fig.1A)w e r em a d ef r o mr a tP u r k i n j ec e l l s
visualized in sagittal cerebellar slices. Figure1B shows
extracellular action potentials (eAPs) recorded from
a Purkinje cell soma and various axonal locations.
Average spike-triggered voltage transients recorded at
each site are displayed in order of distance from the
soma, aligned to the peak dV/dt of the somatic action
potential. Axosomatic delays were calculated from the
10% rise point of each averaged axonal eAP relative to
that of the eAP at the soma. Since extracellular voltage
signals may be inﬂuenced by currents arising at distant
locations we used simulations of eAP generation in two
compartmental models to verify that our recordings were
dominated by local current sources in the initial segment
and ﬁrst node and that multisite extracellular recordings
can distinguish between the initiation of spikes at these
two locations (see Supplemental FigsS1 and S2). Brieﬂy,
we used a previously published model (Clark et al. 2005),
in which action potentials were initiated at the ﬁrst node
of Ranvier, and modiﬁed it by adjusting ion channel
densities so that action potentials were instead initiated in
the axon initial segment. These two versions of the model
were then used to simulate eAPs and show that they can
be used to reliablydetect the location of the initiation site.
Figure1C shows the relationship between the
axosomatic delay of axonal eAPs and the corresponding
distance of the axonal recording site from the soma
for six different Purkinje cells for which the axon was
sampled at ﬁve or more locations within the ﬁrst 200μm.
Arrowsindicatetheaxonallocationforeachcellwherethe
axosomatic delay was longest, i.e. the location of maximal
advance of the axonal vs. the somatic eAP. The axonal site
with the longest axosomatic delay is by deﬁnition the site
of simple spike generation. In the cell shown in Fig.1A,
this occurred at the axonal recording site closest to the
soma, corresponding to the axon initial segment, which
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in rat cerebellar Purkinje cells is approximately 20μm
long (Somogyi & Hamori, 1976; Clark et al. 2005). At the
locationwiththelongestaxosomaticdelay,onaverage,the
onsetofthesimplespikeintheaxonoccurred206±22μs
before the somatic action potential, at a distance from the
axon hillock of 22±8μm( n=11). Although in one cell
t h ea x o ns p i k ew a sm o s ta d v a n c e da ta na x o n a ll o c a t i o n
95μm from the soma, in the majority of cells (10/11)
the longest axosomatic delay was found within the ﬁrst
25μm, at locations corresponding to the axon initial
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Figure 1. Extracellular action potential recording of simple
spike initiation
A, Neurolucida reconstruction of the soma and axon of a Purkinje cell
indicating the location of extracellular recording sites (red pipettes). B,
whole-cell voltage recording of spontaneous simple spikes (top trace)
and extracellular recording of simple spikes at the soma and the
indicated axon locations (same cell as in A). Data aligned to the peak
of the somatic dV/dt (vertical line). Red circles indicate the time when
the eAP reaches 10% of its maximum amplitude. C, axosomatic delays
for data shown in B (red) and for 5 other cells (each indicated by a
separate colour) plotted with respect to axonal distance of the
recording sites. Coloured arrows mark the location of the minima for
each cell.
occurs within this zone. Similar results were obtained in
recordings made from mouse Purkinje cells, where the
averageaxonaldistancewiththelongestaxosomaticdelays
was at 20±4μmf r o mt h es o m a( n=7; Supplemental
Fig.S3).
Determination of the site of simple spike initiation
with voltage-sensitive dyes
We next used an orthogonal approach for localizing the
initiation site in the axon: voltage-sensitive dye imaging
(Antic & Zecevic, 1995; Palmer & Stuart, 2006). The
advantageofthismethodisthatitallowsthesimultaneous
recording of voltage at multiple locations. Rat Purkinje
cells were ﬁlled with voltage-sensitive dye (Fig.2A)a n d
ﬂuorescence changes during simple spikes were recorded
simultaneously at the soma and different locations along
the axon (Fig.2B). The axosomatic delay of ﬂuorescence
signals was deﬁned as the time difference between the
axonal and somatic ﬂuorescence  F/F measured at
half-amplitudeafterﬁttingalinearregressiontotherising
phase of both signals. The axonal site with the longest
axosomatic delay ranged from 5 to 25μmf r o mt h ea x o n
hillock (coloured arrows in Fig.2C). On average, the
longest delay was 144±47μs( n=4) at a distance from
theaxonhillockof15±4μm(n=4).Similarresultswere
obtained during recordings at room temperature, where
thelongestaxosomaticdelaywas199±16μsatalocation
17±3μmfromtheaxonhillock(n=9;datanotshown).
Purkinje cell simple spikes are normally initiated
in the axon initial segment
A comparison of the distance dependence of axosomatic
delays measured using three different techniques
(extracellularrecording,voltage-sensitivedyeimagingand
cell-attached capacitive current recording) is shown in
Fig.3. Cell-attached recordings were compiled from pre-
viously published data (Clark et al. 2005) together with
additional new data points. For each method, raw pooled
dataareshowninFig.3A.Bysmoothingthisdataeitherby
binning (Fig.3B) or by using a 10-point moving average
(Fig.3C) the location of distinct minima (i.e. points of
longest delay; arrows, Fig.3C) becomes apparent. Unlike
a bilinear ﬁt (Clark et al. 2005; Meeks et al. 2005),
the 10-point moving average does not impose a speciﬁc
hypothesis regarding the shape of the distance–delay
relationship on the data. Both the extracellular (left
column of Fig. 3C) and the voltage-sensitive dye data
(middle column of Fig.3C) showed single minima at very
similar locations of 14 and 13μm, respectively, based on
the 10-point moving average (note that these values are
slightly different from those reported above due to the
different averaging procedure, and because the pooled
C   2010 The Authors. Journal compilation C   2010 The Physiological SocietyJ Physiol 588.10 Action potential initiation in Purkinje cells 1713
data used here include data points from additional cells in
which fewer than ﬁve axonal locations were sampled). In
contrast, the 10-point moving average of the cell-attached
datashowedtwodistinctminima(at29μmandat78μm),
with the global minimum being more distant from the
soma.
Our experiments and simulations indicate that the
most likely explanation for the discrepancy between
the extracellular and voltage-sensitive dye data on
one hand and the cell-attached data on the other
is the difﬁculty in discriminating the contribution of
capacitive and ionic (sodium and/or potassium) current
in cell-attached recordings (Colbert & Johnston, 1996;
Perkins, 2006). During action potential propagation, the
capacitive component usually dominates cell-attached
currents recorded from myelinated sections of the axon.
However, cell-attached recordings from non-myelinated
axonal regions such as the axon initial segment, which
contain a high density of voltage-activated channels,
frequently contain a contribution of ionic (in particular
sodium)current.Thiscandistortthecell-attachedcurrent
waveform, and therefore inﬂuence the estimated timing
of the axonal action potential. In the most extreme
cases, positive initial deﬂections in these recordings (see
SupplementalFig.S4) indicate that the recorded current
waveform is dominated by ionic (presumably sodium)
current. Although these more extreme cases were not
usedforanalysis,theysuggestthatasigniﬁcantfractionof
cell-attached recordings from the initial segment may be
contaminatedbyioniccurrent.Thiscouldadverselyaffect
the estimate of the initiation site when compiling data
across multiple cell-attached recordings from multiple
cells using a simpleV-plot to ﬁtthe data. Interestingly,the
moving average revealed two minima in the cell-attached
data – one closest to the initial segment, and the second
closer to the ﬁrst node. This is consistent with the
small minority of cells in eAP and voltage-sensitive dye
recordings(2in23;<10%)exhibitingtwodiscreteminima
inaxosomaticdelayversusdistanceplots,suggestingeither
simultaneous initiation at the initial segment and node,
ﬁrst node initiation or switching of initiation between
these two sites. We conclude that multisite extracellular
recording and voltage-sensitive dye imaging represent
more accurate methods for determining the location of
the initiation site in the axon.
The site of initiation of the complex spike
The site of action potential initiation during complex
spikes is unknown. We addressed this issue using
voltage-sensitive dye imaging during complex spikes
evoked by climbing ﬁbre input in rat Purkinje cells.
Figure4 shows voltage-sensitive dye responses recorded
at the soma and different axonal locations in a Purkinje
cell during a complex spike. The ﬁrst spike in the complex
spike had the longest axosomatic delay at approximately
the same axonal site as the simple spike (Fig.4C), both
at physiological temperature (open circles; 18±3μm
from the axon hillock; n=3) and room temperature
(ﬁlled circles; 15±4μm from the axon hillock; n=4;
P >0.05). The location in the Purkinje cell axon where
simple and complex spikes were initiated (16±3μm
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Figure 2. Voltage-sensitive dye imaging of simple spike
initiation
A, image of a cerebellar Purkinje cell ﬁlled with voltage-sensitive dye.
B, somatic whole-cell recording of a spontaneous simple spike (top,
grey) in the cell shown in A together with corresponding axonal
ﬂuorescence responses (black) at the indicated locations detected
using voltage-sensitive dye imaging. Red circles indicate the time when
the response reaches 50% of its maximum amplitude. The
ﬂuorescence response in the proximal axon (20 μm from the hillock)
precedes that in the soma and all other axonal locations. Coloured
labels correspond to the coloured boxes in A, indicating the regions of
interest. C, axosomatic delays for data shown in B (red) and 3 other
cells (each indicated by a separate colour) plotted with respect to
axonal distance of the recording sites. Coloured arrows mark the
location of the minima for each cell.
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temperature) was not signiﬁcantly different (P >0.05).
This indicates that, like simple spikes, complex spikes are
initiated in the proximal axon, at a region corresponding
to the distal axon initial segment.
Interestingly, at the initiation site, the axonal wave-
form of the ﬁrst spike in the complex spike preceded that
at the soma by 42±16μs( n=7; combined data from
roomandphysiologicaltemperature).Thisissigniﬁcantly
less than the time taken for propagation of simple spikes
from their site of initiation to the soma (∼150–200μs;
P <0.05; combined data from room and physiological
temperature),indicatingthatthepropagationspeedofthe
ﬁrst spike in the complex spike to the soma is signiﬁcantly
faster than during simple spikes.
Discussion
We have used two different approaches – multisite
extracellularrecordingandvoltage-sensitivedyeimaging–
to determine the site of initiation of action potentials
in cerebellar Purkinje neurons. Previous work indicated
that both simple and complex spikes are generated in the
axon of Purkinje cells (Stuart & H¨ ausser, 1994; Clark et al.
2005; Khaliq & Raman, 2006; Davie et al. 2008), but the
precise location of the initiation site has not been directly
determined. Here we show, using direct methods, that
both simple and complex spikes are normally generated
in the proximal axon of Purkinje cells, approximately
∼15–20μm from the soma. Our ﬁndings indicate that
the ﬁnal site of integration of synaptic input in Purkinje
cells is in the proximal axon, at the distal end of the axon
initial segment. This is consistent with recent ﬁndings in
neocortical pyramidal neurons (Palmer & Stuart, 2006;
Kole et al. 2007; Shu et al. 2007), suggesting that this may
beageneralfeatureofsynapticintegrationinmammalian
central neurons.
The initiation site of simple and complex spikes
is normally in the axon initial segment
We have used two independent methods to determine
the initiation site in cerebellar Purkinje cells in slices:
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Figure 3. Comparison of simple spike data recorded using three different methods
A, synopsis of axosomatic delays measured using extracellular recording (left), voltage-sensitive dye imaging
(middle) and cell-attached recording (right). Each data point corresponds to a single axonal location. Data points
are from 17, 4 and 80 cells, respectively. B, axosomatic delays calculated by binning the data in A according to
distance. Bin width was 10 μm for distances up to 100 μm and 25 μm for larger distances. Error bars indicate
S.E.M. C, 10-point moving average of the data in A. Red arrows mark the location of the minima of the axosomatic
delay in each population.
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multisiteextracellularrecordingsandvoltage-sensitivedye
imaging. Results using both methods converge on the
sameconclusion:thatthesiteofactionpotentialinitiation
in the Purkinje cell axon is normally ∼15–20μmf r o m
the soma. Since the length of the axon initial segment
in rat and mouse Purkinje cells is approximately 20μm
(Somogyi&Hamori,1976;Clarketal.2005),thisindicates
that the initiation site is at the end of the axon initial
segment. That both simple and complex spikes exhibit
the same initiation site indicates that this location is
normally robust under a variety of different stimulation
paradigms. Not all neurons exhibited spike initiation
solely in the initial segment, however, as we observed two
cells (out of 23) where initiation occurred either at the
ﬁrst node or simultaneously at the ﬁrst node and initial
segment. The reasons for this cell-to-cell variability may
be structural (e.g. due to geometric factors such as axon
diameteroraxonalbranching;orlocationofmyelination)
or due to cell-to-cell differences in the distribution or
properties of voltage-gated channels in the axon. Overall
the results validate the conclusions of Khaliq & Raman
(2006) who used pharmacological approaches to identify
the axon initial segment as the initiation site for simple
spikes, and are inconsistent with the conclusion, based
on data pooled from cell-attached recordings, that action
potentials are usually initiated at the ﬁrst node of Ranvier
(Clark et al. 2005). The most likely explanation for
the discrepancy with the earlier study by Clark et al.
(2005) is that cell-attached recordings from the axon
initial segment can exhibit overlap of capacitive and ionic
current waveforms, leading to an unreliable assignment
of the site of action potential initiation when ﬁtting a
simple V-plot to the population data across multiple cells.
Interestingly, while both simple and complex spikes are
initiatedatthesamelocation,theﬁrstspikeofthecomplex
spike backpropagates into the soma approximately three
times faster than the simple spike. This is likely to be
due to pre-charging of the membrane capacitance of
the soma and dendrites by the climbing ﬁbre synaptic
conductance, which mitigates the capacitive load of the
soma and dendrites (Bekkers & H¨ ausser, 2007) and
enhances propagation speed.
Action potential initiation and comparisons
with previous studies
Our result that both the simple spike and the ﬁrst
component of the complex spike are initiated in the
proximal axon supports recent ﬁndings in other neuro-
nal cell types showing that the axon initial segment
is the site of action potential initiation. Early work in
spinalmotoneurons(Coombsetal.1957)showedthatthe
somatic action potential has two components: a smaller
initial segment (IS) spike and a larger somato-dendritic
(SD) spike. The IS spike is always preceded by the SD
spikeindependentofwhetheractionpotentialsareevoked
by orthodromic or antidromic stimulation, leading to
the hypothesis that action potentials are initiated in the
proximal axon. While indirect methods indicated a more
distal initiation site (Colbert & Johnston, 1996), sub-
sequentstudieshaveuseddirectrecordingsfromtheaxon,
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Figure 4. Voltage-sensitive dye imaging of complex spike
initiation
A, image of a cerebellar Purkinje cell ﬁlled with voltage-sensitive dye.
B, somatic whole-cell recording of a complex spike (top, grey) in the
Purkinje cell shown in A together with corresponding axonal
ﬂuorescence responses (black) at the indicated locations detected
using voltage-sensitive dye imaging. Red circles indicate the time when
the ﬁrst spike in the complex spike ﬂuorescence response reaches 50%
of its maximum amplitude. The ﬂuorescence trace in the proximal axon
(red; 10 μm from the hillock) slightly precedes the soma and all other
axonal locations. Coloured labels correspond to the coloured boxes in
A, indicating the location of regions of interest. C, axosomatic delays
for the ﬁrst spike in the complex spike for 6 Purkinje cells (each
indicated by a separate colour; the red trace is the data shown in B)
recorded at physiological (open circles) and room temperature (ﬁlled
circles). Coloured arrows mark the location of the minima for each cell.
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location of the initiation site in the axon. These studies
have concluded that the initiation site is in the initial
segmentinlayer5pyramidalcellsinrats(Palmer&Stuart,
2006) and ferrets (Shu et al. 2007), and that the proximal
axon is the initiation site in CA3 pyramidal neurons
(Meeks & Mennerick, 2007) and dentate gyrus granule
cells (Kress et al. 2008; Schmidt-Hieber et al. 2008).
The conservation of the action potential initiation site
across different neuron types is somewhat surprising
considering their diverse morphologies. Purkinje cells
haveanextensivedendritictreethatlacksvoltage-activated
sodium channels (Stuart & H¨ ausser, 1994) and is likely to
exertasigniﬁcantlygreaterelectricalloadonthesomathan
in layer 5 pyramidal neurons (Bekkers & H¨ ausser, 2007).
Despite these obvious morphological and physiological
differences, the action potential is normally initiated in
the distal end of the initial segment in both myelinated
and non-myelinated axons in all cell types and species so
farinvestigated,indicatingthatthisappearstobeageneral
principle for synaptic integration in mammalian central
neurons.
Functional implications
What are the functional implications of the initiation
site being at the end of the initial segment? The unitary
location of the initiation site for both simple and complex
spikes provides a single target for modulation of spike
initiation (Stuart et al. 1997). This is consistent with
the known pattern of innervation of inhibitory synaptic
input to Purkinje cells, which is concentratedin the initial
segment via the dense innervation by basket cell axons,
forming the characteristic pinceau (Eccles et al. 1967).
Initiation ofsimple andcomplexspikesat the distal initial
segment at a site close to the soma would also be expected
to maximize synaptic efﬁcacy, and to ensure maximal
precision in the timing of action potentials triggered by
transient synaptic inputs. Together, these considerations
suggest that initiation of both simple and complex spikes
at the distal axon initial segment may have important
implications for normal cerebellar function.
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